Heinrich iceberg-rafting events 1 and 2 (H1 and H2) in the Labrador Sea are identified by their typical nepheloid-flow deposit sedimentary structure, high bulk carbonate, increase in iceberg-rafted detritus (IRD), and depletion of d
Introduction
Sediment cores between 40 and 55 N from the North Atlantic Ocean contain a series of distinct IRD-rich layers corresponding to Heinrich layers (H-layers) derived from the LIS during the last glacial period (70e10 ka) (Heinrich, 1988; Bond et al., 1993; Hodell and Curtis, 2008; Rashid and Boyle, 2008; Stein et al., 2009 ). In the North Atlantic, these H-layers are identified by a sudden increase in the coarse lithic fraction (% >150 mm), a near absence of foraminifera, dominance of the polar planktonic foraminifera Neogloboquadrina pachyderma (s), and a lowering of inferred seasurface salinity (Heinrich, 1988; Bond et al., 1993; Cortijo et al., 2005) . The presence of detrital carbonate grains within the IRDlayers and the geochemical signature of the non-carbonate fraction suggest that the LIS was the main source of icebergs during the H-events (Bond and Lotti, 1995; Grousset et al., 2001; Peck et al., 2008; Haapaniemi et al., 2010) . In contrast, the lack of detrital carbonate grains within the other IRD-layers suggests that the icebergs were supplied by the European ice-sheet (EIS); namely, the Icelandic, Scandinavian, British, and East Greenlandic icesheets. These IRD-layers are commonly known as the low amplitude Dansgaard-Oeschger (D/O) iceberg-rafting events (Bond and Lotti, 1995) . In contrast to the North Atlantic, H-layers in the Labrador Sea are identified by their distinctive nepheloid-flow deposit sedimentary structure, high bulk carbonate, increases in the coarse fraction, and depletion of d
18 O in N. pachyderma (s) Hillaire-Marcel et al., 1994; Hesse and Khodabakhsh, 1998; Rashid et al., 2003a) . The D/O iceberg-rafting events in the North Atlantic have been a topic of research for the last decade (Bond et al., 1999; Peck et al., 2008; Scourse et al., 2009; Haapaniemi et al., 2010) . However, it is noteworthy that these events are not found in the Labrador Sea (see Andrews and Barber, 2002) .
The discovery of H-events (Heinrich, 1988) led to many modeling studies devoted to understanding their environmental implications, not only for the circum-North Atlantic region but for the global climate (Stouffer et al., 2006; Liu et al., 2009; Timmermann and Menviel, 2009; Brady and Otto-Bliesner, 2010) . The climatic implications of the H-events in the North Atlantic are widespread cooling and reduction in sea surface salinity (1e3&) (Cortijo et al., 1997 (Cortijo et al., , 2005 Benway et al., 2010) . Freshwater released from the Hudson Strait and St. Lawrence ice-streams (Shaw et al., 2006) , in addition to freshwater emanating from iceberg-rafting, are presumed to form a freshwater cap in the North Atlantic. This freshwater cap may have prevented the North Atlantic Current, the northern extension of the Gulf Stream, from reaching the Greenland-Iceland-Norwegian seas, which in turn may have weakened the Atlantic meridional ocean circulation (AMOC) (Rahmstorf, 1994; Stouffer et al., 2006; Dickson et al., 2008; Renold et al., 2010; Cheng et al., 2011; Guihou et al., in press ). After the ice sheet had thinned sufficiently at the end of an H-event, rapid iceberg calving stopped and the previous ocean circulation mode resumed, causing the climate to warm rapidly (Seidov and Haupt, 2003; Kageyama et al., 2009 ). The extent to which H-events perturbed the AMOC has never been demonstrated unambiguously by the proxy records (Lynch-Stieglitz et al., 2007; Cheng et al., 2011) .
Delineating the extent and thickness of the LIS has been a topic of research for many decades. However, it is often assumed that the LIS was geographically centered over Hudson Bay during the late Pleistocene (Dyke and Prest, 1987; Dyke et al., 2002; Peltier, 2004; Clark et al., 2009) . As a result of its great height, the LIS significantly modified atmospheric circulation and thus influenced climatic and environmental conditions in the Labrador Sea and surrounding region. In any event, at the start of H1 and H2, ice-stream margins probably extended to the Labrador trough edges, if not farther offshore (Andrews and MacLean, 2003; Rashid and Piper, 2007) , and there may have been a peripheral floating ice-shelf (Hulbe et al., 2004) . Considerable debate exists regarding whether the Quaternary ice-sheets of the Northern Hemisphere collapsed synchronously during H1 and H2 or whether these events were the result of sequential collapses of ice-sheets (Grousset et al., 2001; Haapaniemi et al., 2010) . These questions arose after analysis of the ultra-fine structure of H-layers documented IRD sourced from various Northern Hemisphere ice sheets. Some evidence has emerged as to the timing of contributions from individual ice sheets, suggesting that the initiation of H1 and H2 was not synchronous for all ice sheets (Dowdeswell et al., 1999) . This finding is important in delineating the mechanism of initiation of H-events.
In this study, we use a series of high accumulation rate sediment cores from the Labrador Sea covering the latitudinal transect between 62.41 and 47.74 N, allowing us to document the icemargin and ice-stream processes during H1 and H2. We have also used the high-resolution published records from the North Atlantic and European ice-sheet margin to provide a circum-North Atlantic perspective. By so doing, we investigate (1) the fine-scale structure of H1 and H2 from the Labrador Sea; (2) examine leads and lags in ice-stream and ice-shelf response among Cumberland Sound, Hudson Strait, and Trinity Trough; (3) establish a spatial correlation of H1 and H2 layers from the ice-sheet margin proximal setting to those of the distal North Atlantic; and finally, (4) advance a conceptual model incorporating various ice-sheet margin processes occurring in both the eastern and western sides of the North Atlantic.
Materials and methods
Five cores were selected from the Labrador Sea to illustrate the main points of this study. Cores Hu9013-26, Hu97048-07, Hu97048-16, and MD99-2233 (hereafter Hu90-26, Hu97-07, Hu97-16, and MD99-33) were retrieved from the SE Baffin Slope, Labrador Slope, and Rise seaward of Hudson Strait (Fig. 1) . For the southern Labrador Sea, we have chosen core Pa96018-06 (hereafter Pa96-06) which was collected from central Flemish Pass. These sites provide a wide latitudinal spread covering a region that includes two icestreams (i.e., Hudson Strait and Trinity Trough) and one ice-shelf (i.e., Cumberland Sound) in the eastern sector of the LIS. We have also used three published records from cores SU90-09 (Grousset et al., 2001) , MD95-2002 (Zaragosi et al., 2001 ) and SU81-18 (Bard et al., 2000) from the central and eastern North Atlantic, respectively (Table 1 ). The latter two records provide a latitudinal coverage of various ice-streams discharge of the EIS from 47 27.12 to 37 .46N.
Of all the cores used in this study from the Labrador Sea, physical properties (density, velocity and magnetic susceptibility) data were determined only from cores Pa96-06 and MD99-33. These data were acquired by using a MultiSensor Core Logger (MSCL) at a 2 cm interval (Rashid, 2002) .
To decipher the internal sedimentary structures, X-radiographs were made from 1-cm thick sediment slabs (Rashid et al., 2003a) . Cores were subsampled at 2.5e5 cm intervals with 10e25 cm 3 plastic vials, and dried in an oven at 63 C for 24 h. Bulk carbon content, carbonate, and total organic carbon were analyzed from 0.5 g of dry sediment using a LECO CS-125 infrared analyzer. Inorganic carbonate content was calculated as if all carbonate were CaCO 3 and is reported as CaCO 3 (%) using the equation, CaCO 3 (%) ¼ (inorganic carbon/12) Â 100. The remaining sample was washed through a 63 mm sieve. The >150 mm fraction was used to pick foraminifera, and the weights of foraminifera and lithic grains from this fraction were recorded. IRD is defined as sediment coarser than 150 mm (Rashid et al., 2003a; Rashid and Piper, 2007 Rashid et al., 2003a Rashid et al., , 2011 ; for detailed description). For several cores, and especially core MD99-33, lack of adequate N. pachyderma (s) prevented us from constructing a complete oxygen isotope stratigraphy.
Radiogenic isotopic ratios of Sr and Nd as well as elemental abundances of Rb, Sr, Sm, and Nd were analyzed in the siliciclastic component (<63 mm size fraction) for the H0 and H2 from cores Hu97-07 and Hu91045-94 (Orphan Knoll) (Barber, 2001; Farmer et al., 2003 Wasserburg et al., 1981) . Radiogenic isotopic data were analyzed using a Finnigan MAT 261 multicollector mass spectrometer at the University of Colorado, Boulder. Accelerator mass spectrometry 14 C ( 14 C-AMS) dates were acquired to constrain the stratigraphy of all cores used in this study. These 14 C-AMS dates were obtained on the planktonic foraminifers from the NSF Arizona-AMS, NOSAMS-WHOI, IsoTrace Radiocarbon Laboratory of the University of Toronto (currently out of operation) and Keck Carbon Cycle Laboratory of the University of California at Irvine facilities (Table 2 ). 14 C-AMS ages were converted to calendar years before present (1950) using the calibration program (CALIB 6.0.1) of Reimer et al. (2009) . We have used the MARINE09.
14 C dataset and regional reservoir age (DR) of 50 years for the Labrador Sea (Stuiver and Braziunas, 1993) (see section 4.1 for detailed discussion).
Results

Core lithofacies
Cores retrieved from Baffin Bay to the southern Labrador Sea show identical lithofacies. The downcore sediment facies consists of hemipelagic sediment with interspersed IRD, nepheloid-flow deposits and stratified diamict in core Hu97-07 (Fig. 2) . Core MD99-33 (Fig. 3) shows an additional facies which corresponds to units of parallel-laminated mud turbidites. Light brown hemipelagic ooze was found at the core top whereas the downcore sediments are predominantly olive-grey mud. Nepheloid-flow deposit corresponds to a massive laminated facies characterized by a succession of thin IRD, mud and silt layers. These units usually show light brown to brown color possibly related to high carbonate content (Khodabakhsh, 1997; Rashid et al., 2003a) . Nevertheless, the overall color can appear darker due to the variation in thickness of silt and IRD layers. (Dyke et al., 2002; Svendsen et al., 2004) . The simplified trajectory path of the LC (deep blue), EGC (light blue), NAC (thick red arrows) and GSG (orange) (Pflaumann et al., 2003) are shown. The approximate position of the iceberg-rafted debris (IRD)-belt is shown by the grey shaded area (Ruddiman, 1977) . (Table 2) . 32 dates are published Thomas et al., 2003; Rashid et al., 2003a Rashid et al., ,b, 2011 Rashid and Piper, 2007 ; Huppertz and Piper, C-AMS dates were determined on N. pachyderma (s) (Nps) which were converted to calendar age (BP) by using Calib 6.0.1 (Reimer et al., 2009 ) online calibration program (see text). and H2. H1 and H2 are typically w1 m thick in the NW Labrador Sea and w0.5 m thick around Flemish Pass and Orphan Knoll, indicating sedimentation rates from 4 to 15 cm/kyr. In the Saglek Bank, there is a sequence of facies in both H1 and H2, defined as units A, B and C (Fig. 4) (Rashid, 2002; Rashid et al., 2003a) . At the base, unit A, a carbonate rich (30e60%) unit, overlain by unit B, the nepheloidflow deposit sequence, ends with unit C, a low-carbonate unit rich in organic matter (1e2%). The lower boundary of H1 and H2, i.e., unit A, is sharp whereas unit C is diffused and bioturbated (Fig. 4) . In core MD22-33 (Fig. 3) , finely-laminated mud turbidites topped both H1 and H2 (Rashid et al., 2003b; Rashid and Piper, 2007) .
The H-layers show high carbonate content which are correlated to depleted d 
Fine scale structure of H1 and H2
Sediment composition, especially high detrital carbonate, predominantly derived from the sediments flooring the Hudson Strait (Douglas, 1970; Maclean, 1985; Andrews and Tedesco, 1992) , provides important additional information for the identification of H-layers.
Bulk carbonate concentration profiles show characteristic variations in H-layers that can be correlated between cores (Fig. 6 ). Increases in carbonate concentration are also associated with variations in magnetic susceptibility and IRD content (Figs. 3 and 5) (Rashid, 2002) . The magnetic susceptibility in H1 and H2 of the NW Labrador Sea (MD99-33; see also Rashid et al., 2003a for Hu97-16) is lower, consistent with the earlier findings of a similar relationship between the high bulk carbonate and low magnetic susceptibility for H1 and H2 for the same region . In contrast, the susceptibility values are high in the southern Labrador site (Pa96-06) ( C-AMS dates (shown by the triangles) are used to identify H1 and H2. In addition, we have also correlated the carbonate profile with that of the Orphan Knoll core Hu91045-94 to further constrain the basal age of H2 (blue triangle) (see Fig. S2 for Hu91-94) (Stoner et al., 1998) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) H. Rashid et al. / Quaternary Science Reviews xxx (2012) 1e15  5   501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565   566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630 JQSR3310_proof ■ 23 May 2012 ■ 5/15
Atlantic (Grousset et al., 1993) . The IRD profile shows highfrequency internal variations in H1 and H2, with two maximum amplitudes at the base and the top of the H-layers which correspond to units A and C (Fig. 4) . In unit B, which corresponds to the nepheloid-flow deposit, a reduction in the IRD content is observed (Fig. 2 ). This reduction in IRD correlates to the highest carbonate concentration, with value ranging from 55% to 40% and 60% to 50% in H2 and H1 (Fig. 6) , respectively, from the NW Labrador Sea to Flemish Pass (Figs. 2e5) . At the southern sites, the thickness of Hlayers decreases and the two peaks observed in the IRD profiles for H1 and H2 appear narrower. In comparison to Hudson Strait, deep Labrador Sea, Flemish Pass and Orphan Knoll records, the data from SE Baffin Slope core Hu97-07 (Fig. 2) show a different pattern. The highest carbonate concentration reaches 55% for H2 and 40% for H1. The carbonate concentration of H2 is closer to the Hudson Strait core Hu97-16 (Fig. 4) , but the carbonate concentration of H1 is similar to those of Flemish Pass (Fig. 5 ) and Orphan Knoll (Fig. S2) . The IRD content in H2 and H1 is low compared to those in cores farther south. The rise in IRD in Hu97-07 occurred after the decrease in the carbonate with an offset of w700 years for H2 and w1400 years for H1 (Fig. 2) . In both events, no basal unit A was found, suggesting the deposition of only nepheloid-flow layers.
Isotopic (SreNd) composition of the <63 mm fraction
We have plotted all the published pertinent 3 Nd and 87 Sr/ 86 Sr data from the ice-proximal glacial-marine and basal till deposits to "ambient" open Labrador Sea and North Atlantic sediments (Barber, 2001; Grousset et al., 2001; Farmer et al., 2003; Verplanck et al., 2009) in Fig. 7 . Five distinct sources of Nd can be identified from Greenland to the NE Canadian margin (Figs. 1 and 7) . The majority of our sourcetype samples are from an area termed the "greater Hudson Strait region", i.e., northern Hudson Bay, Hudson Strait, and the SE Baffin Island shelf ( Sr) and mixing of Archean sources with a range of Rb/Sr (Hemming et al., 1998) . The curvature of the IcelandBaffin Bay mixture is a function of the Sr/Nd concentration ratio in basalt sources compared to continental crust. Note that the data do not conform to a simple mixing relationship between the Iceland source and those of the H-layers but rather require a much broader range of continental end members as earlier described by Hemming et al. (1998) Sr ratios in the SE Baffin slope core Hu97-07 vary from À25 to À29 and w0.721 for H0 and H2, respectively. These 3 Nd ratios are close to those ratios measured in the H-layers of the North Atlantic IRD-belt ( 3 Nd ¼ À25 to À35) (Hemming et al., 1998; Grousset et al., 2001; Farmer et al., 2003; Verplanck et al., 2009 ).
Discussion
Past surface water reservoir ages in the Labrador Sea and North Atlantic
Accurate surface water reservoir age estimate is necessary to determine the leads and lags among climate events in marine records. In recent years significant progress has been made in assessing the surface water reservoir age in both the Labrador Sea and the North Atlantic Ocean. This progress has reduced the uncertainty in regional reservoir anomaly (DR) estimate and hence allowed correlation of many short-lived freshwater discharge events especially in the eastern Canadian continental margin stretching w2000 km range (Lewis et al., 2012) . We use a DR of 50 years in addition to 400 years already incorporated in the calibration program (Reimer et al., 2009 ) for converting the 14 C-AMS dates to calendar years to construct age model of the Labrador Sea records. This DR of 50 years is most likely a minimal estimate for the Holocene conditions in the Labrador Sea, as it could vary up to a few hundred years (McNeely et al., 2006; Hillaire-Marcel et al., 2007; Rashid et al., 2011; Lewis et al., 2012 (McNeely et al., 2006) . By estimating the duration of sea-ice cover using dinoflagellate assemblage transfer function, Lewis et al. (2012) inferred that even if the Labrador margin were to be covered by sea-ice for 12 months/year, this DR would not exceed more than 300 years. At any rate, since we applied a constant DR value to all our Labrador Sea records, we suggest that any change in the DR of less than 300 years must not change the identification of H0, H1 and H2 and hence the basic tenet of our conclusions will also not change. In addition, the DR could be as large as w2000 years in the NE North Atlantic for the H1 (Waelbroeck et al., 2001; Peck et al., 2008) . Using records from SU90-09, CHN82-20, and SU81-18, Rashid et al. (2010) reported zonal and meridional gradients in DR for the YD and H1 periods. These findings for YD and H1 periods seem to be corroborated by the updated DR estimate in Stanford (2011) . In any event, our main objectives in this contribution are to determine the leads and lags in discharge among various icestreams and ice-shelve of the LIS. In addition, we provide a conceptual framework between the eastern and western margin of the North Atlantic. Therefore, the uncertainty in DR estimate should not undermine the framework as it is not suggested which side of the Atlantic margin destabilized first; we simply outline the instability of ice-margins depositional process (see section 4.3.3).
Timing of Cumberland Sound ice-shelf and Hudson Strait icestream response
Understanding the synchroneity of instability among the iceshelf and ice-streams of the eastern sector of the LIS such as Cumberland Sound, Hudson Strait and Trinity Trough during the last deglaciation has been complicated by many problems. One of the most important has been the lack of high accumulation rate sediment cores with dense age control. Fortunately, two records from cores Hu97-07 (Fig. 2) and Hu97-16 (Fig. 4) have sufficiently high sedimentation rates and dense enough age control to allow assessment of the dynamics of the Hudson Strait ice-stream and Cumberland Sound ice-shelf. We plot the IRD content, CaCO 3 (%) and d
18 O data from these cores according to their independent age models in Fig. 8 to illustrate such ice-streams dynamics.
Baffin Island has been implicated as one of the main sources of IRD found in the H-layers of the IRD-belt Grousset et al., 1993) . Cumberland Sound hosted one of the ice-shelves for the NE part of the LIS, and it is known to have been occupied by grounded glacial ice-sheet at least until the YD (Jennings, 1993) . Erosion of Cretaceous black shale has resulted in the accumulation of dark-color sediments (Jennings, 1993) . Therefore, the presence of this sediment in core Hu97-07 indicates transport by the Cumberland Sound ice. It has been suggested that the sequence of stacking of the detrital carbonate and black shale units indicates changes in the dynamics between the Hudson Strait ice-stream and Cumberland ice-shelf (Andrews and MacLean, 2003) . However, this concept was put forward without ascertaining the timing and synchroneity of the sediment sequences. This is an important point to assess, as the Hudson Strait ice-stream has been described as more unstable than the other North Atlantic icestreams (Bond and Lotti, 1995; Dowdeswell et al., 1999; Grousset et al., 2000) , even though the Cumberland Sound ice-shelf should be prone to frequent instabilities because of its small size.
In the SE Baffin Slope core Hu97-07, H2 is identified by an abrupt increase in the bulk carbonate and nepheloid-flow deposit structure as illustrated in the X-radiographs (Figs. 2 and S1 ). However, the depletion in d
18
O leads the increase in bulk carbonate by w1 kyr and increase in coarse fraction (% >150 mm) by w400 years. Furthermore, the coarse fraction begins to rise prior to the decrease of bulk carbonate towards the top of H2. These coarse fractions were mostly derived from the stratified diamict in which the carbonate concentration is close to that of Labrador Sea ambient sediment (Rashid and Piper, 2007) . The near lack of an increase in carbonate within the coarse fraction between 21.2 and 22.6 ka suggests that the Hudson Strait-derived sediment supply reaching the Hu97-07 locality waned or halted during this time (Fig. 8) . This interval appears to be comprised instead of dark sediment eroded from Cumberland Sound (Maclean et al., 1986; Jennings et al., 1996) . In contrast, the offset among d 18 O, carbonate, and coarse fraction in H2 in the Hudson Strait core Hu97-16 is nearly absent (Fig. 4) . It is noteworthy that the increase in coarse fraction (postdating both H2 and H1) in the SE Baffin Slope core Hu97-07 did not significantly perturb the d
O, suggesting that most likely ice calving from Cumberland Sound iceshelf was not significant. Indeed, the lack of visible dark layers above H2 and H1 south of Cumberland Sound indicates that the plume related to the meltwater was restricted to the vicinity of the ice front, and IRD input was too small to form a distinct unit.
In contrast to H2, the onset of depletion in d 18 O precedes the rise of carbonate by w1.8 kyr for H1 in core Hu97-07 (Fig. 2) . The coarse fraction content begins to increase after the diminishment of carbonate to the Labrador Sea background level after H1 (Fig. 8) .
The resumption of depletion in d 18 O at 18.6 ka is most likely due to the response to increase in insolation of the Northern Hemisphere during the last deglaciation (Rashid et al., 2011; Stanford et al., 2011) . The onset of depletion in d
18 O in core Hu97-16 was found at 18.5 ka, preceding the rise in carbonate by w400 years (Rashid et al., 2011) . The coarse fraction increases concurrently with those of the carbonates. A question could be raised about the impact of bioturbation in homogenizing sediments and thus cast doubt about the leads and lags found in these records. Sedimentation rates in both cores vary from 12 to 31 and 15 to 34 cm/kyr, especially during H1 and H2, respectively, which is sufficiently high not to be blurred by the bioturbation (Trauth et al., 1997; Anderson, 2001) . Additionally, the X-radiographs allow us to assess the effect of bioturbation, which we find to be minimal; however, a minor impact of bioturbation cannot entirely be ruled out.
In comparison to Hu97-07 and -16, the records from the Orphan Knoll core Hu91-94 (Fig. S2) are rather instructive in terms of phasing between the carbonate and d 18 O. It should be mentioned a priori that the temporal resolution in this record varies from 10 to 100 years and the sedimentation rate ranges from 14 to 26 cm/kyr for the interval encompassing H1 and H2 . In contrast to the findings in cores Hu97-07 and Hu97-16, the rise in carbonate leads the onset in depletion of d
18 O by H. Rashid et al. / Quaternary Science Reviews xxx (2012) 1e15 8 500e600 years during H0, H1 and H2. Thus, our data suggest that there should be a time lag in onset between the Hudson Strait and southern Labrador Sea records as far as the deposition of H0, H1 and H2 is concerned.
In summary, it is clear from records of cores Hu97-07 and Hu97-16 that the Hudson Strait sediment was released first and then the Cumberland Sound sediments were deposited during H2 and H1. Our data thus suggest that the Hudson Strait ice-stream became unstable, initially ushering an iceberg surge and releasing meltwater-laden fine-grained sediment. The deposition of the Cumberland Sound source sediments possibly arose as a result of a rise in sea-level (Grousset et al., 2001 ) and domino effects in instability on the ice-shelves and ice-streams (Hulbe et al., 2004; Bigg et al., 2011) . Atlantic and Labrador Sea sea-surface conditions Wu and Hillaire-Marcel, 1994; Chapman et al., 2000) . In an ice marginal setting, such as near the mouth of the Hudson Strait, these proxies may relate to carbonate content and IRD which were used as proxies for meltwater and iceberg discharge, respectively, in the NW Labrador Sea (Thomas et al., 2003; Rashid et al., 2003a) . Along the NW Labrador margin, the onset of an H-event is accompanied by a sharp increase in the number of large dropstones contained within hemipelagic sediment (Rashid et al., 2003a) . Dropstones in the initial IRD peak found at the base of H1 and H2 in core Hu97-16 were characterized by clasts of (pinkish/whitish) limestone that we designated as unit A (Fig. 4) . At the onset of the first IRD peak, neither an appreciable increase in bulk carbonate nor depletion in d
18 O Nps occurred, suggesting a lack of significant meltwater discharge. The middle unit (unit B), interpreted as a nepheloid-flow deposit, shows a sharp increase in carbonate content and the abundance of N. pachyderma (s) (Thomas et al., 2003) . In the upper unit (unit C), nepheloid-flow deposit disappeared abruptly and the concentration of dropstones increase, as shown by a second IRD peak. Thus, H1 and H2 in Hu97-16 show two IRD peaks at the base and at the top, while in unit B the IRD peak is barely visible (Fig. 4) (Rashid et al., 2003a) .
The Labrador Rise and deep basin cores are characterized by unique features during the deposition of H1 and H2 (Fig. S3 ).
Increased d
18 O values and the abundances of N. pachyderma (s) suggest that H1 and H2 began when the sea-surface was cold, as described above (Khodabakhsh, 1997; Rashid and Piper, 2007) . There is a sharp increase in bulk carbonate at the base of H2, which coincides with the peak in the IRD. A degree of internal variability in IRD within H2 in core Hu90-26 (Fig. S3 ) was observed which was possibly due to the dispersion of randomly oriented dropstones in the graded muds and thin laminae of IRD. Decreased d
18
O values appeared to be either coeval or somewhat lagging behind the IRD peak in both H1 and H2 (Fig. S3) .
Around the Flemish Pass, a similar record is observed, with a sharp increase in carbonate and IRD in core Pa96-06 (Fig. 5) . The basal peak in IRD is composed white sandy limestones. The carbonate concentration remains high throughout H1 and H2. However, IRD content is reduced nearly to the background level towards the top of the interval for both H1 and H2 (Fig. 5) . Grey limestone is particularly common in H1 and H2, which may be derived from the Lower Paleozoic rocks of the northern Gulf of St. Lawrence and adjacent SE Québec and northern Newfoundland (Piper and de Wolfe, 2003) . However, at the top of the Flemish Pass, H2 shows high abundance of granitic IRD (Piper and de Wolfe, 2003) which would reflect calving of icebergs from crystalline bedrock regions of Greenland and Baffin Island after the initial discharge of icebergs from the Hudson Strait was completed.
High-resolution data from the Orphan Knoll core Hu91-94 (Fig. S2 ) have shown that both H1 and H2 exhibit two IRD peaks Stoner et al., 1998; Clarke et al., 1999) . The first IRD peak at the base has a proportion of pinkish, sand-sized carbonate grains typically exceeding 50%, overlain by fine-grained carbonate, which shows a sharp increase followed by gradual decrease (Clarke et al., 1999) . A thick layer with increased finegrained carbonate above the basal peak in H-layer, equivalent to the nepheloid-flow deposit found in the NW Labrador Sea and deep Labrador basin cores (Hesse and Khodabakhsh, 1998; Rashid et al., 2003a; Rashid and Piper, 2007) , is most likely the result of deposition from a turbid plume carried by the prevailing Labrador Current to Flemish Pass which rained down finer particles from the turbid cloud. This interpretation is consistent with the data from core Pa96-06 where the basal IRD peak is overlain by fine-grained carbonate, which does not appear to show any appreciable increase in grain size. Deposition from a turbid plume would require a significant amount of time, consistent with the duration of H-layers in the Labrador Sea (Veiga-Pires and Hillaire-Marcel, 1999). The second IRD peak reported for H1 and H2 in core Hu91-94 (Fig. S2) does not show any appreciable increase in the coarse fraction compared to the background level coarse fraction of the southern Labrador Sea (Fig. 3 of Clarke et al., 1999, p.246) . In the upslope Flemish Pass core Pa96-06 (Fig. 5) , the IRD data also do not show any appreciable increase in IRD content of the background sediment.
Synoptic mixing of sediments in the North Atlantic during H1 and H2
The availability of high temporal resolution data on cores from the mid-Atlantic inside the IRD-belt and west European ice-sheet (WEIS) region show that the H1 and H2 possess a three-layered structure (Bond and Lotti, 1995; Scourse et al., 2000; Grousset et al., 2001; Jullien et al., 2006; Lekens et al., 2009; Toucanne et al., 2009) . As a result, numerous hypotheses were put forward to explain the mechanisms of formation of those records. For example, an IRD peak from the LIS is found sandwiched between two IRD peaks of European origin from a H-layer in the Bay of Biscay (Grousset et al., 2000; Zaragosi et al., 2001) . In contrast to the Bay of Biscay records, H1 and H2 layers along the Portuguese margin show two depositional phases expressed by a weak basal peak that comprised detrital carbonate of LIS origin, and a top peak that consists of hematite-coated grains Auffret et al., 1996; Lebreiro et al., 1996; Bard et al., 2000) .
The apparent discordance in the sequence of IRD in H1 and H2 peaks from the same European margin could perhaps be reconciled by closely investigating ice-margin depositional processes. Closer to the ice-proximal setting of the LIS, three distinct lithologic units (A, B, and C) (Fig. 4) , were identified that operated sequentially during the deposition of H1 and H2 (Rashid et al., 2003a) . These units are present in cores from the outer shelf/upper slope sites in the NW Labrador Sea near the mouth of the Hudson Strait. However, the deep Labrador Basin sites show only two lithologic units (B and C) that have one coeval carbonate and IRD peak (Hesse and Khodabakhsh, 1998 O Nps values suggest that the Labrador sea-surface was cold at the time of the first IRD peak. This lag is most likely similar to the findings in the mid-Atlantic (Auffret et al., 1996; Knutz et al., 2007) . The decrease in d
18 O Nps values is correlated with the climax of meltwater input, which also corresponds to the occurrence of facies B in the north (Fig. 4) . Thus, we propose that the lag observed between the peaks is the result of an intensification of meltwater release (facies B) occurring after the first step of ice calving (facies A). The meltwater would be transported southward and enter into the North Atlantic Ocean, inducing a decrease in surface salinity and cooling sea-surface temperature . This Heinrich-related event would explain the decrease in IRD and the drastic environmental change. A similar process may have occurred along the NW and western European margin (Henrich et al., 1989; Baas et al., 1997; Dowdeswell and Elverhøi, 2002; Lekens et al., 2005; Sejrup et al., 2005) .
Based on the data presented from the Labrador Sea to the Western European margin, we hypothesize that the North Atlantic H-layers most likely represent the equivalent to unit C of the NW Labrador Sea as shown by a schematic in Fig. 9 . We further hypothesize that only the unit C represents the LIS signal offshore Portugal and along the eastern European margin (Fig. 9) . The discordance between the findings from the Bay of Biscay and Portugal Margin is most likely similar to the differences between North Labrador sites and the Flemish Pass records. Any significant change in the ice-sheet dynamics would be recorded close to the ice-sheet margin, while the distal locations would only record extreme events (Fig. 9) . Our proposed hypothesis illustrates the processes which may have operated during the deposition of an Hlayer in both east and west sides of the North Atlantic.
Implications for Heinrich Event models
At a fine scale, the structure of H1 and H2 at the mouth of Hudson Strait shows multiple stages of deposition (stages A, B and C), i.e. ice calving (A) followed by meltwater input and ice calving (B), and finally by ice calving (C) (Fig. 10 ) (see also Rashid et al., 2003a) . In contrast to the mouth of the Hudson Strait, cores from mid-Atlantic and Western Europe show a single process represented by IRD beds from different sources. Our data show that the increase in meltwater (facies B) occurred after the deposition of IRD (facies A). Facies B (Fig. 4) , which comprises a rapid succession of IRD-rich beds interstratified with nepheloid-flow deposits and hemipelagic sediments corresponds to the time of maximum release of meltwater. This rapid lithologic succession within facies B does not occur randomly but clearly represents a seasonal signature (Hesse and Khodabakhsh, 1998; Hesse et al., 2004) . This intermediate process is not captured in the open Atlantic sediment record due to the dissipation of nepheloid-flow and sediment plume with distance (Figs. 4 and 10 ). As a result, feeding numerical models with data only from the North Atlantic introduces an inherent bias in modeling H-events, and hence the appearance of variability in different ice sheets dynamics. In that respect, three depositional phases found in H1 and H2 in the northwest Labrador Sea sediment records contradict the numerical model results.
For example, in their seminal paper Alley and MacAyeal (1994) were able to reproduce the IRD peaks using the assumption that Heinrich layers would be the product of a single depositional (purge) process. As the model does not allow external forcing for generating H-events, no meltwater surge is possible without the ice-sheet reaching a critical size that would lead to melting of the ice sheet bed inland and surging along the ice-margin. In this model, production of IRD is directly related to freezing or melting of the base of the ice-sheet, suggesting that the IRD flux during an Hevent would be glacial bed-dependent. But the model does not predict the facies B, as this stage in the model is considered a time when the IRD flux goes to zero (Alley and MacAyeal, 1994) .
More recent modeling results have suggested that subsurface warming could trigger H-events (Hulbe et al., 2004; Alvarez-Solas et al., 2010; Marcott et al., 2011 ). An abrupt heat supply due to major oceanic changes would induce a rapid dislocation of the iceshelves in the Hudson Strait and Labrador region, inducing a significant ice-stream break-up. In that scenario, different models do not take into account (1) the fact that ice was grounded on the Labrador shelf until the Younger Dryas (Josenhans et al., 1986; Hall et al., 1999) , and (2) these models do not differentiate seasonal meltwater input from ice calving stages, and are thus unable to predict facies B (Fig. 10) . H. Rashid et al. / Quaternary Science Reviews xxx (2012) 1e15  10   151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215   1216  1217  1218  1219  1220  1221  1222  1223  1224  1225  1226  1227  1228  1229  1230  1231  1232  1233  1234  1235  1236  1237  1238  1239  1240  1241  1242  1243  1244  1245  1246  1247  1248  1249  1250  1251  1252  1253  1254  1255  1256  1257  1258  1259  1260  1261  1262  1263  1264  1265  1266  1267  1268  1269  1270  1271  1272  1273  1274  1275  1276  1277  1278  1279  1280 Numerous mechanisms have been proposed as a trigger for Hevents in the past few years (Hulbe et al., 2004; Alley et al., 2006; Alvarez-Solas et al., 2010; Marcott et al., 2011) challenging the initial orbital forcing mechanism (Heinrich, 1988; Bond et al., 1992 Bond et al., , 2001 Friedrich et al., 2009) . Assessing the dynamic of circumNorth Atlantic ice-sheets collapse is a challenging task as the recording time and signature of an event strongly depends on the geographic location of the cores. Most of the proposed mechanisms for H-events are based on data obtained from cores retrieved from mid-Atlantic, i.e. far off Hudson Strait. Thus the sediment sampled from the mid-Atlantic represents only the final phase of the process (Fig. 10) . As a consequence of the use of a single facies, i.e. an IRD rich unit, numerical ice-sheet modeling is failing to capture icemargin processes related to the deposition of facies B (Fig. 10) .
H0, H1 and H2 radiogenic signature in North Atlantic
An effort to fingerprint the sources of H-layers in the North Atlantic using radiogenic isotopes such as 3 Nd and 87 Sr/ 86 Sr in sediments has lead to ambiguous conclusions (Barber, 2001; Grousset et al., 2001; Farmer et al., 2003; Jullien et al., 2006; Peck et al., 2007) . It was initially suggested that the sources of H-layers (except H3) were derived from Baffin Island, Baffin Bay, and western Greenland, not the Hudson Bay and Hudson Strait (Grousset et al., 1993) . This conclusion was drastically revised in subsequent studies as a result of the availability of 3 Nd and 87 Sr/ 86 Sr data (Barber, 2001; Grousset et al., 2001; Farmer et al., 2003) . These data demonstrate a dominant input from the LIS, especially from Hudson Bay via Hudson Strait (Barber, 2001; Farmer et al., 2003) . Volcanic debris, hematite-stained grains and hornblendes are also present in the western part of the IRD-belt (Barber, 2001; Grousset et al., 2001; Farmer et al., 2003; Jullien et al., 2006) . Because of their low 3 Nd and high 87 Sr/ 86 Sr ratios, this debris were interpreted to be derived from WEIS, East Greenland and Iceland (Grousset et al., 2001; Jullien et al., 2006) . Nevertheless, several authors argued that the debris might have been provided by the LIS via Gulf of St. Lawrence (GSL), as the sediments flooring the St. Lawrence Channel have identical Fig. 10 . Simplified representation of sediment facies found in cores and related processes versus models results. Sediment record shows either a proximal facies A/B/C or a distal facies corresponding to a thick IRD-rich unit depending on the core location. The proximal sites record various steps and depositional processes during a H-event whereas the distal sites record only the melting of icebergs. Numerical models represent a H-event as a massive iceberg rafting process as the models use data from cores retrieved from the distal sites.
H. Rashid et al. / Quaternary Science Reviews xxx (2012) 1e15  11   281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345 isotopic 3 Nd and 87 Sr/ 86 Sr ratios (Barber, 2001; Farmer et al., 2003; Peck et al., 2007; Stevenson et al., 2008) .
One of the problems with such heterogeneous conclusions is the lack of radiogenic isotopic data from the Labrador Sea H-layers as well as ice-proximal surficial sediments of the greater Hudson Strait region (Farmer et al., 2003) . Compilation of pertinent published Nd and Sr data (Fig. 7) indicates that there are significant differences between sediments along the East Greenland margin compared with the NE Canadian margin (Barber, 2001; Farmer et al., 2003; Verplanck et al., 2009 show that the mantle-derived Icelandic source has a distinct isotopic signature compared to those of the Canadian Shield, Baffin Island and east Greenland source (Fig. 7) (Faure et al., 1963; Dasch, 1969) . The mixing curve (#2) between the Baffin Bay and Iceland source of Grousset et al. (1993) (Hemming et al., 1998; Farmer et al., 2003) . Our data for H0, H1, and H2 from the Baffin Island cores Hu97-07 and Hu87-09 and Orphan Knoll core Hu91-94 are indistinguishable from those of the central and NE Atlantic cores SU90-09 and V28-82, respectively (Hemming et al., 1998; Grousset et al., 2001 (Barber, 2001; Farmer et al., 2003) . In addition, the isotopic ratios of hemipelagic sediments in these slope cores compared well with those of the basal till and proximal glacialmarine deposits in cores of Cumberland Sound (Fig. 7) . The 3 Nd and 87 Sr/ 86 Sr isotopic ratios from the bottom of H1 and H2 of core SU90-09 from the central North Atlantic, which were interpreted as the precursor sediments of European ice-sheets, show similarities with those of the ambient pelagic and iceproximal sediments (Fig. 7) . Therefore, we suggest that the socalled precursor sediments are in fact the IRD produced by ambient icebergs and do not represent a "specific" iceberg-rafting event (Haapaniemi et al., 2010) . Indeed, H-events are characterized by a preceding cooling trend in temperature, which would lead icebergs to survive longer in the ocean. Furthermore, from H2 to H1, ice calving was a permanent component of the ice-margin system due to the volume and extent of the different ice sheets, and the WEIS IRD signal would be more likely the signature of D/O cycles (Peck et al., 2007; Haapaniemi et al., 2010) . It is noteworthy that the WEIS displays a more complex dynamics than the LIS. Indeed, while the St. Lawrence Channel and Hudson Strait are fixed outlets throughout the last glacial cycle, some outlets of the WEIS experience a switch from West to North, with the opening of the North Sea after the LGM (Svendsen et al., 2004; Toucanne et al., 2010) . The separation between the BIIS and Fennoscandinavian ice-sheet (FIS), as well as the rapid retreat of the Irish Sea ice-stream in this region, induced a sharp drop in the flux of IRD in H1, from the Barra Fan to the Armorican deep-sea fan (Scourse et al., 2009) . In that region, icebergs were produced essentially by the FIS and transfer to the Norwegian Sea, which would be traced by an increase in the IRD concentration in that area (Lekens et al., 2009 ) and a weakening of the signal from the EIS in the mid-Atlantic.
Conclusions
New centennial to millennial-scale resolution sediment records and re-evaluated earlier data from the Cumberland Sound, Hudson Strait and Trinity Trough provide new insight into the dynamics and instability of the Laurentide ice-sheet for the last 30 ka. Cores from the upper slope seaward of Hudson Strait exhibit two IRD peaks separated by a thick, fine-grained, carbonate-rich sediment unit with a typical nepheloid-flow sedimentary structure during H1 and H2. In contrast to these cores, two IRD peak signatures in H1 and H2 were absent in the SE Baffin Slope core and H-layers are rather dominated by carbonate-rich nepheloid-flow deposit. High density 14 C-AMS dates allowed us to refine the stratigraphy.
Resulting data from the SE Baffin Slope site suggest that the Hudson Strait ice-stream became unstable by ca 1.8 kyr and 1 kyr prior to the deposition of H1 and H2 layers, respectively. These new data suggest that the Hudson Strait ice-stream was the first compared to Cumberland Sound to lose stability and was the main supplier of sediments in H1 and H2 layers. At the site proximal to the Hudson Strait ice-stream, IRD peaks were found in both H1 and H2 separated by a thick nepheloid-flow deposit. These deposits are as thick as w4 m at 1575 m water depth (Hu97-09; Fig. 3 of Rashid et al., 2003b) . Deposition of this unit required large volume of sediments as well as meltwater after the initial deposition of the basal IRD peak. This condition further implies that the ice-sheet did not go back to the "freeze-on" process; rather, it produced an outflow of meltwater that transported a large volume of fine-grained, carbonate-rich sediment from the interior of the LIS. In addition, calving of icebergs operated concurrently with meltwater discharge, as evident from a thin lamination in the IRD layer and randomly oriented IRD in the nepheloid-flow deposit. Our new findings do not support the hypothesis of Alley and MacAyeal (1994) and Alley et al. (2006) , who concluded that the ice-sheet went to the freeze-on process after the initial deposition of the basal IRD layer.
New radiogenic isotope ( Sr data from the North Atlantic suggest that sediment in these layers primarily originated from Hudson Strait.
Taking into consideration the spatial distribution of IRD peaks and nepheloid-flow deposits from the NE Labrador Sea to the central and eastern North Atlantic Ocean, we put forward a conceptual model of the instability, leads, and lags in various icestreams of the circum-North Atlantic during H1 and H2. We hypothesize that the apparent discordance in sequence of IRD in H1 and H2 layers in the North Atlantic may be due to the geographic differences in core location. We also hypothesize that the instability of the Northern Hemisphere ice-sheets and ice-streams may be better resolved by examining the output of multiple ice-sheets. One of the outstanding issues in this regard is the resolution of zonal and meridional gradients in reservoir ages of surface water (Rashid et al., 2010) , especially in the NE Atlantic Ocean during H1 and H2, which needs to addressed in future studies (Hall et al., 2011 541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605   1606  1607  1608  1609  1610  1611  1612  1613  1614  1615  1616  1617  1618  1619  1620  1621  1622  1623  1624  1625  1626  1627  1628  1629  1630  1631  1632  1633  1634  1635  1636  1637  1638  1639  1640  1641  1642  1643  1644  1645  1646  1647  1648  1649  1650  1651  1652  1653  1654  1655  1656  1657  1658  1659  1660  1661  1662  1663  1664  1665  1666  1667  1668  1669 
